Alterations in MYC and p53 are hallmarks of cancer. p53 coordinates the response to gamma irradiation (␥-IR) by either triggering apoptosis or cell cycle arrest. c-Myc activates the p53 apoptotic checkpoint, and thus tumors overexpressing MYC often harbor p53 mutations. Nonetheless, many of these cancers are responsive to therapy, suggesting that Myc may sensitize cells to ␥-IR independent of p53. In mouse embryo fibroblasts (MEFs) and in E-myc transgenic B cells in vivo, c-Myc acts in synergy with ␥-IR to trigger apoptosis, but alone, when cultured in growth medium, it does not induce a DNA damage response. Surprisingly, c-Myc also sensitizes p53-deficient MEFs to ␥-IR-induced apoptosis. In normal cells, and in precancerous B cells of E-myc transgenic mice, this apoptotic response is associated with the suppression of the antiapoptotic regulators Bcl-2 and Bcl-X L and with the concomitant induction of Puma, a proapoptotic BH3-only protein. However, in p53-null MEFs only Bcl-X L expression was suppressed, suggesting levels of Bcl-X L regulate the response to ␥-IR. Indeed, Bcl-X L overexpression blocked this apoptotic response, whereas bcl-X-deficient MEFs were inherently and selectively sensitive to ␥-IR-induced apoptosis. Therefore, MYC may sensitize tumor cells to DNA damage by suppressing Bcl-X.
Deregulated cell growth and the inhibition of apoptosis are hallmarks of cancer. The MYC family of oncogenes and the p53 tumor suppressor gene are pivotal players in tumorigenesis and are altered in most tumor types. c-Myc is the founding member of a family of structurally related basic helix-loop-helix-leucine zipper (bHLH-Zip) proteins that function as sequence-specific transcription factors and are aberrantly expressed in most cancers (46) . c-Myc is a key regulator of cell proliferation and differentiation, and its expression is both necessary (14, 26) and sufficient (11, 16) to drive quiescent cells into S phase. Following mitogenic stimulation, c-Myc is rapidly induced, remains elevated throughout the cell cycle and, through dimerization with its bHLH-Zip partner Max, regulates the transcription of genes essential for cell growth and division (4) . Conversely, c-myc expression is rapidly suppressed by growth inhibitory signals such as transforming growth factor ␤ (12). However, these controls are lost in cancers by translocations, amplifications, and alterations in regulatory signaling pathways, resulting in abnormally high levels of MYC oncoproteins (9) . The precise roles that Myc oncoproteins provide to provoke tumorigenesis are not fully resolved but do include the regulation of target genes that control cell division (6, 13) , differentiation (33) , cell size (27) , and angiogenesis (5, 48) .
Despite its role in promoting tumorigenesis, in normal cells Myc overexpression triggers apoptosis. For example, c-Myc triggers rapid cell death following the withdrawal of essential survival factors (2, 21) that are continuously required to sup-press c-Myc-induced apoptosis (24) . Moreover, in vivo studies using transgenic mice have underscored the concept that in most scenarios (but not all), Myc triggers the apoptotic program (19, 47, 48) . Indeed, the molecular analysis of lymphomas arising in E-myc transgenic mice established that the Arf-p53 and the Bcl-2 and Bcl-X L apoptotic pathways triggered by Myc are disabled during lymphomagenesis (19, 20) . The Bcl-2 family of apoptotic regulators includes both antiapoptotic proteins, such as Bcl-2 and Bcl-X L , as well as proapoptotic proteins such as Bax, Bad, Bak, Puma, and Noxa (8) , and those implicated as regulators of Myc-induced apoptosis include Bax (18, 30) , Bcl-X L (20, 47) , and Bcl-2 (17, 20) .
Effective anticancer regimens trigger tumor cell apoptosis and, thus, therapy failures usually coincide with alterations in apoptotic pathways, in particular the inactivation of the p53 pathway (53) or with alterations in the Bcl-2 family (28) . p53 is activated by a diverse number of signals that stress the cell, including hyperproliferation, hypoxia, and DNA damage (63) . Normally p53 levels and function are harnessed by Mdm2, which is a p53 transcription target that blocks p53's transactivation functions (41) and programs p53 for destruction by initiating p53 ubiquitination and shuttling it to the cytosol for degradation by the proteasome (23, 51, 60) . Signals that activate p53 disrupt this interaction by inducing phosphorylation of p53 (3, 10) and/or Mdm2 (39) or by inducing the ARF nucleolar tumor suppressor, which binds to and inhibits Mdm2 functions (50, 64) . The net result is stabilization of p53 and activation of its transcription functions. In turn, p53 either induces G 1 arrest by inducing transcription of the cyclin-dependent kinase (cdk) inhibitor p21 Cip1 , allowing time for DNA repair, or eliminates cells by triggering apoptosis. p53-induced apoptosis is thought to occur through its ability to induce proapoptotic Bcl-2 family members, including Bax, Noxa, and Puma (63) .
Myc's propensity to provoke apoptosis presents a paradox as to why MYC genes are so often activated in human tumors. In part, this may reflect Myc's ability to function as the angiogenic switch (5, 48) , but Myc also appears to antagonize checkpoints that harness the cell cycle. For example, in immortal and tumor-derived cell lines Myc overexpression antagonizes p53's ability to activate p21 Cip1 following DNA damage (56) . Here we report that in mouse embryonic fibroblasts (MEFs) and B cells derived from E-myc mice, Myc activation acts in synergy with gamma irradiation (␥-IR) to trigger apoptosis. Surprisingly, Myc also sensitizes p53-deficient MEFs to ␥-IR-induced apoptosis, and we pinpoint this response to Myc's ability to suppress Bcl-X L expression. These results may explain why MYC-overexpressing tumors are at least initially responsive to chemotherapy, and they suggest that targeting Bcl-X L function or expression is an attractive means to compromise the survival of tumors bearing mutations in p53.
Briefly, 2 ϫ 10 5 to 5 ϫ 10 5 MEFs were washed in PBS and resuspended in 190 l of binding buffer (10 mM HEPES [pH 7.4], 140 mM NaCl, 2.5 mM CaCl). Ten microliters of annexin V-FITC was added and incubated for 10 min, and the cells were washed once and resuspended in 190 l of binding buffer. To this was added 10 l of 20-g/ml propidium iodide stock solution. Cells were then analyzed for the presence of apoptotic cells by FACS analysis. To detect cell death in B cells derived from untreated or treated (2-Gy ␥-IR) wild-type or E-myc mice, we stained cytospins (5 ϫ 10 4 cells) with the terminal deoxynucleotidyl transferasemediated dUTP nick-end labeling (TUNEL) method using the ApopTag fluorescent detection kit (Serological Corporation, Norcross, Ga.) according to the instructions of the manufacturer. Slides were then washed 20 times and visualized with FITC. Finally, slides were mounted using Fluoromount-G antifade reagent (Southern Biotechnology Associates, Birmingham, Ala.) and analyzed by confocal microscopy.
Irradiation of E-myc transgenic mice. The inbred C57BL/6 E-myc transgenic mouse strain was kindly provided by Alan Harris (Walter and Eliza Hall Institute, Melbourne, Australia) and Charles Sidman (University of Cincinnati). At the start of the experiment, four groups (wild type mock irradiated, E-myc mock irradiated, wild type ␥-irradiated, and E-myc ␥-irradiated) containing eight mice each were analyzed for their differential blood counts. One week after blood sampling, one group each of wild-type and E-myc mice was subjected to 2 Gy of whole-body irradiation, whereas the other two groups were left untreated. Mice were analyzed 4 h following treatment. B cells were purified from the bone marrow and spleens of untreated and ␥-IR-treated mice by FACS for B220 and immunoglobulin M (IgM).
Cell cycle analyses. B220-positive B cells were collected from the bone marrow of wild-type and E-myc mice by FACS, centrifuged, and resuspended in 1 ml of propidium iodide staining solution (0.05 mg of propidium iodide per ml, 0.1% sodium citrate, 0.1% Triton X-100). Immediately prior to flow cytometric analysis, each sample was treated at room temperature with 5 g of DNase-free RNase (Calbiochem, San Diego, Calif.)/ml for 30 min. Samples were then filtered through a 40-m-pore-size nylon mesh. Fluorescence ( ϭ 563 to 607 nm) emitted from propidium iodide-DNA complexes was measured from approximately 2 ϫ 10 5 cells with a FACScan flow cytometer (Becton Dickinson Immunocytometry, San Jose, Calif.). The ModFit computer program (Verity Software House, Topsham, Maine) was used to determine the percentage of cells within the G 1 , S, and G 2 -M phases of the cell cycle.
Immunoblotting. Whole-cell protein extracts from MEFs and B cells were isolated as previously described (20, 65) . Protein (50 g per lane for MEF cultures and 10 g per lane for primary B cells) was electrophoretically separated in 10% polyacrylamide gels containing sodium dodecyl sulfate. Proteins were transferred to nitrocellulose membranes (Protran; Schleicher & Schuell, Dassel, Germany) and blotted with antibodies specific for murine p53 (Ab-7; Calbiochem), Ser 15 p53 (Cell Signaling, Beverly, Mass.), c-Myc (06-340; Upstate Biotechnology, Lake Placid, N.Y.), Bcl-2 (15021A; PharMingen, San Diego, Calif.), Bcl-X L (B22260; Transduction Labs, San Diego, Calif.), Bax (13686E; Phar-Mingen), Puma (ab9643; Abcam, Cambridge, United Kingdom), caspase-9 (Cell Signaling), cytochrome c (Santa Cruz), poly(ADP)ribose polymerase (PARP; Oncogene Research, Boston, Mass.), and ␤-actin (Sigma Chemical). To detect human Bcl-X L expression, another antibody (B22630; Transduction Labs) was used. Following incubation with primary antibodies, the blots were then incubated with appropriate anti-mouse or anti-rabbit Ig secondary antibodies (Amersham Pharmacia, Piscataway, N.J.). Bound immunocomplexes were detected by enhanced chemiluminescence (Amersham Pharmacia) or ECL Supersignal (Pierce, Rockford, Ill.).
Northern blotting, RT-PCR, and real-time PCR analyses. Total RNA was isolated from MEFs by using TRIzol reagent as per the manufacturer's directions (Life Technologies, Grand Island, N.Y.) at the indicated intervals following the addition of 1 M 4-HT and/or treatment with 5 Gy of ␥-IR. For reverse transcription-PCR (RT-PCR), the RNA was first DNase treated and purified using phenol-chloroform extraction. The first-strand reaction was then performed using a first-strand synthesis kit (Roche) according to the manufacturer's instructions. Primers for PCR were bcl-x sense (5Ј-AGCAACCGGGAGCTGGTGGT CGAC-3Ј) and bcl-x antisense (5Ј-GACTGAAGAGTGAGCCCAGCAGA-3Ј). The PCR product was purified and cloned into pGEM-Teasy (Promega, Inc.) and verified by sequencing. To obtain probes for Northern blot analyses, the clones were cut with NotI and the insert was gel purified. For Northern blot analysis, 20 g of total RNA per lane was separated on a formaldehyde-containing 1.6% agarose gel and transferred to a positively charged nylon membrane. The membrane was probed with cDNA probes that had been labeled using [ 32 P]dCTP and ReadyPrime (Amersham Pharmacia Biotech). For real-time PCR analysis, p53 Ϫ/Ϫ MEFs infected with MSCV-IRES-GFP or MSCV-Myc-ER-IRES-GFP viruses were treated for 24 h with 4-HT followed by 5 Gy of ␥-IR.
VOL. 23, 2003 Myc SENSITIZES CELLS TO ␥-IR BY TARGETING Bcl-X 7257 RNA was extracted using the RNeasy mini kit (Qiagen) with an additional DNase treatment according to the manufacturer's recommendation. Real-time PCR was performed using the TaqMan EZ RT-PCR kit (Applied Biosystems) and primers and probes directed against bcl-x and acidic ribosomal protein P0 (internal positive control), in an ABI Prism 7700 sequence detector. Relative levels were determined using the ⌬⌬CT method described by ABI. Primer and probe sequences are available upon request. Comet assays. Comet assays were performed essentially as described by the manufacturer (Trevigen, Gaithersburg, Md.). Briefly, cells (10 5 ) were suspended in 1% low-melting-point agarose in PBS (pH 7.4) and pipetted onto the provided glass microscope slides. The agarose was allowed to set at 4°C for 30 min, and the slides were then immersed in lysis solution at 4°C for 1 h to dissolve cellular proteins and lipids. Slides were then placed in alkali solution for 1 h at room temperature in the dark. Slides were immersed in 1ϫ Tris-borate-EDTA (TBE) buffer for 5 min twice and transferred to a horizontal electrophoretic apparatus containing 1ϫ TBE buffer for 10 min. Slides were visualized using fluorescence microscopy (fluorescein filter), and 100 cells were counted per sample.
Confocal immunofluorescence analysis of Ser 139 -H2AX. For analysis of phosphorylation of Ser 139 of histone 2AX (H2AX), cells were grown on coverslips and irradiated (5 Gy), and samples were collected at 6 and 12 h postirradiation. Cells were rinsed briefly with PBS, fixed in 1:1 methanol-acetone for 30 min at Ϫ20°C, and air dried for 20 min. Fixed cells were blocked with 10% FBS-PBS, incubated at room temperature for 30 min, and stained for 1 h with a polyclonal antibody specific for Ser 139 -phosphorylated histone H2AX (1:100 dilution in 1% FBS-PBS [Trevigen]). Following 10 washes in PBS, primary antibody binding was visualized using an anti-rabbit Cy3 conjugate incubated for 30 min at room temperature. Coverslips were washed 10 times prior to being mounted onto slides and analyzed by confocal microscopy.
RESULTS

c-Myc sensitizes MEFs and B cells to ␥-IR-induced apoptosis.
Recent studies in immortal and tumor-derived cell lines have suggested that Myc can bypass p53-mediated cell cycle arrest following DNA damage (56, 57) and may instead promote an apoptotic phenotype. To investigate Myc's effects on the DNA damage response in a more physiologically relevant setting, we evaluated primary MEFs engineered to express a conditionally activatable form of c-Myc, Myc-ER (which can be activated by the estrogen receptor [ER] agonist 4-HT [34] ), as well as precancerous B cells derived from E-myc transgenic mice, which overexpress c-myc in the B-cell compartment by virtue of the Ig heavy chain enhancer (E) (1).
Early-passage MEFs were isolated from E12.5 wild-type embryos and infected with the MSCV-Myc-ER-IRES-GFP-expressing retrovirus or with GFP-only virus, and pools of infected cells expressing GFP were isolated by FACS and expanded in culture. To assess effects of ␥-IR on long-term growth, clonogenic assays were performed in GFP-only-and Myc-ER-expressing MEFs either treated with 4-HT alone or also exposed to 5 Gy of ␥-IR. As expected for cells having wild-type p53, treatment of GFP-only-expressing cells with ␥-IR compromised their growth ( Fig. 1A) . Colony numbers were also reduced (approximately threefold) in Myc-expressing MEFs following exposure to 5 Gy of ␥-IR, and the sizes of these colonies were often smaller ( Fig. 1A) . Therefore, ␥-IR impairs the proliferative potential of MEFs, even when they are engineered to overexpress Myc.
To determine whether reductions in growth potential of Myc-expressing cells exposed to ␥-IR were associated with increases in cell death, their viability was assessed. Although GFP-only-expressing MEFs failed to proliferate, these cells remained viable following ␥-IR treatment. As expected (21, 24) , Myc-ER-expressing MEFs cultured in serum were gener-ally resistant to apoptosis. In contrast, when these cells were exposed to ␥-IR they underwent rampant cell death (Fig. 1B) .
The effects of ␥-IR in compromising the survival of Mycexpressing MEFs could also be due to effects of ex vivo culture (58) . We therefore addressed whether treatment with low doses of ␥-IR would preferentially affect the survival of precancerous (6-week-old) B cells of E-myc transgenic mice. These mice undergo a characteristic hyperproliferation of the B-cell compartment before developing a clonal lymphoma at 4 to 6 months of age (1) , and this is usually associated with a pronounced lympho-leukemia. Age-matched wild-type and E-myc transgenics were either mock treated or treated with 2 Gy of whole-body irradiation. Within 4 h of treatment there were significant reductions in total white blood cell counts (WBC) in both wild-type and E-myc transgenic mice ( Fig.  2A , left panel). However, in E-myc transgenics there was a selective and marked decrease in the number of peripheral blood lymphocytes ( Fig. 2A , middle panel) and in the weight of the spleen ( Fig. 2A , right panel). Furthermore, cell cycle analyses of IgM-positive pre-B/B cells and IgM-negative pro/pre-B cells in the bone marrow revealed a dramatic increase in sub-G 1 populations of bone marrow cells isolated from irradiated E-myc mice, whereas this was not evident in irradiated B cells of wild-type littermates ( Fig. 2B ). Therefore, c-Myc-overexpressing cells also exhibit increased sensitivity to ␥-IR in vivo.
Myc sensitizes cells to many apoptotic insults (2, 21) , and we therefore addressed whether the loss in the viability of Mycexpressing cells following ␥-IR was indeed due to apoptosis. FACS analysis of annexin V, an early marker of apoptosis, demonstrated modest increases in annexin V in Myc-expressing MEFs treated with 4-HT versus GFP-only-expressing MEFs (Fig. 3A) . In contrast, there were marked increases in annexin V positivity in Myc-expressing MEFs also exposed to ␥-IR ( Fig. 3A) . Furthermore, the appearance of other hallmarks of apoptosis were also augmented in Myc-ER-expressing cells exposed to ␥-IR, including increases in the release of cytochrome c from mitochondria and the cleavage of caspase-9 and the caspase-3 substrate PARP ( Fig. 3B ). Finally, TUNEL analysis established that the rampant cell death observed in B cells from the bone marrow of E-myc transgenics exposed to ␥-IR was also due to apoptosis ( Fig. 3C ). Therefore, Myc activation sensitizes cells to ␥-IR-induced apoptosis.
c-Myc acts in synergy with ␥-IR to trigger apoptosis. Myc has been suggested to directly induce DNA damage, in part from the detection of Ser 139 -phosphorylated H2AX, which occurs following double-stranded breaks (61) . However, these studies were performed under serum-starved conditions, a condition where Myc is known to trigger apoptosis (21) . We therefore evaluated whether Myc activation alone was capable of provoking the DNA damage response in MEFs cultured in serum, a scenario in which Myc rather sensitizes cells to ␥-IR- foci were reduced in Myc-expressing MEFs exposed to ␥-IR ( Fig. 4A) .
A standard method to detect DNA damage is the comet assay, which directly measures many forms of DNA damage using a single-cell gel electrophoresis assay (32) . As expected, exposure of GFP-only-expressing MEFs to 5 Gy of ␥-IR induced obvious comets in most cells (Fig. 4B ). Comets were also obvious, but again to a lesser extent, in Myc-expressing MEFs VOL. 23, 2003 Myc SENSITIZES CELLS TO ␥-IR BY TARGETING Bcl-X 7259 following exposure to ␥-IR ( Fig. 4B ). Again, however, activation of Myc alone failed to induce comet formation in any Myc-expressing cells (Fig. 4B ). As a final measure to test whether Myc could directly induce the DNA damage response, we also assessed the phosphorylation status of Ser 18 of p53 (the murine equivalent of human Ser 15 , but for simplicity hereafter referred to as Ser 15 ), which is rapidly phosphorylated by the Atm kinase following expo-sure to ␥-IR (10). As expected, treatment of GFP-only-expressing MEFs with ␥-IR induced steady-state levels of p53, and under these conditions p53 was indeed phosphorylated on Ser 15 (Fig. 4C ). In contrast, activation of c-Myc alone did not induce phosphorylation of p53 on Ser 15 , despite the fact that Myc induced steady-state levels of total p53 (Fig. 4C ). Rather, levels of Ser 15 p53 phosphorylation were reduced in Mycexpressing MEFs treated with ␥-IR (Fig. 4C) , again suggesting ) were evaluated in the peripheral blood of these mice. In addition, the weights of the spleens of these mice were determined (right panel). Although WBC numbers were reduced upon ␥-IR treatment in both wild-type and E-myc mice, there were marked reductions in lymphocyte numbers and spleen weights evident in E-myc mice. (B) Bone marrow was harvested from these same animals, and B220 ϩ cells were stained with propidium iodide and analyzed by FACS. Note the marked increase in the numbers of sub-G 1 IgM ϩ and IgM Ϫ E-myc cells when exposed to ␥-IR.
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MACLEAN ET AL. MOL. CELL. BIOL. that Myc can impair at least some aspects of the DNA damage response. Therefore, by three independent measures, Myc activation in MEFs cultured in growth medium, with its full complement of survival factors, does not lead to direct DNA damage, but rather acts in synergy with ␥-IR to trigger apoptosis.
These findings raised questions as to whether Myc's ability to provoke a DNA damage response is suppressed by serum factors. We therefore evaluated GFP-only-and Myc-expressing MEFs for activation of the DNA damage response in cells cultured in replete medium (10% fetal calf serum [FCS]) or in 0.1% FCS. Strikingly, phosphorylation of p53 on Ser 15 was evident following Myc activation in the absence, but not presence, of serum (Fig. 4D, compare lanes 5 and 6) . Therefore, Myc's ability to provoke a DNA damage response is suppressed by serum factors which also suppress Myc-induced apoptosis (21, 24) .
Myc targets Bcl-X L , Bcl-2, and Puma to sensitize MEFs to ␥-IR. In addition to activating the ARF-p53 apoptotic checkpoint, in primary hematopoietic cells c-Myc also triggers apoptosis by suppressing the expression of the antiapoptotic regulators Bcl-2 and Bcl-X L (20) . We therefore assessed the effects of c-Myc on Bcl-2 and Bcl-X L expression in MEFs and in B cells of wild-type and E-myc mice before and following ␥-IR. Treatment of GFP-only-expressing MEFs with 5 Gy of ␥-IR did not lead to significant changes in the levels of Bcl-2 or Bcl-X L , and there were also no alterations in levels of the proapoptotic Bax protein (Fig. 5A, upper panels) . Strikingly, activation of Myc-ER by 4-HT resulted in a profound suppression of both Bcl-X L and Bcl-2 protein levels, and this response was augmented in Myc-expressing cells following exposure to ␥-IR ( Fig. 5A, upper panels) . RT-PCR analyses confirmed that bcl-X suppression in irradiated and nonirradiated Myc-expressing cells occurred at the RNA level ( Fig. 5A, lower panels) .
To address whether Myc also influenced Bcl-2 and Bcl-X L expression following ␥-IR treatment in vivo, we harvested bone marrow and spleens from 6-week-old wild-type and E-myc transgenic littermates and from these mice treated with 2 Gy of whole-body ␥-IR. After 4 h, B cells were isolated using the cell surface markers B220 and IgM by FACS. As expected, in pro/pre-(IgM-negative) B cells from the bone marrow of wildtype mice, Bcl-X L was expressed at high levels, whereas Bcl-2 expression was more prominent in splenic B cells (Fig. 6A,  lanes 1 to 4) . Interestingly, treatment with ␥-IR increased Bcl-X L levels in IgM ϩ B cells present in bone marrow and in splenic B cells, and it also increased Bcl-2 levels in splenic B cells (Fig. 6A, lanes 9 to 12) . In contrast, Bcl-X L and Bcl-2 expression levels were markedly different in E-myc transgenic B cells. First, as expected (20) , Bcl-X L and Bcl-2 levels were reduced in bone marrow-derived E-myc B cells (Fig. 6A , lanes 5 and 6). However, these reductions were not evident in splenic B cells, where Bcl-2 levels were comparable to those of wild-type splenic B cells, and Bcl-X L expression was rather elevated in IgM-negative B cells (Fig. 6A, lanes 7 and 8) ; therefore, the suppression of Bcl-X L and Bcl-2 by Myc is restricted to bone marrow-derived B cells. Second, following treatment with ␥-IR, there were marked reductions in both Bcl-X L and Bcl-2 levels in IgM-negative E-myc B cells (Fig.  6A, compare lanes 6 and 8 to lanes 14 and 16) . Third, in IgM ϩ bone marrow-derived transgenic B cells, where the highest levels of apoptosis following ␥-IR were observed (Fig. 2B) , there were markedly lower levels of Bcl-X L and Bcl-2 compared to those expressed in wild-type cells (Fig. 6A, compare  lanes 9 and 13) . Therefore, Myc selectively suppresses Bcl-X L and Bcl-2 expression in B cells present in bone marrow, and this response is augmented by ␥-IR, which selectively kills these cell populations in vivo (Fig. 2B) .
p53-induced apoptosis has been variously associated with its ability to induce Bax or Bak (55) , which together are required for intrinsic and extrinsic signals that trigger apoptosis (7, 40) , and/or to induce the BH3-only factors Puma or Noxa (43, 44, 65) . In MEFs, activation of Myc-ER or treatment with ␥-IR had little effect on the expression of Bax or Bak (Bax levels actually diminished in Myc-expressing cells treated with ␥-IR) or upon the expression of Noxa or Bad, another proapoptotic Bcl-2 family member ( Fig. 5A and data not shown). By contrast, the expression of Puma was markedly induced following Myc activation in MEFs (Fig. 5A) and was also elevated in bone marrow and splenic B cells of E-myc transgenic mice (Fig. 6B ), but it was not detectable in normal MEFs or B cells ( Fig. 5A and 6B ). Puma expression was also highly elevated by ␥-IR in normal B cells ( Fig. 6B ) but was not induced by ␥-IR in wild-type MEFs (Fig. 5A) , indicating there are contextspecific effects on Puma induction. In Myc-expressing cells the elevated levels of Puma were sustained following ␥-IR treatment ( Fig. 5A and 6B) . Therefore, Myc's ability to sensitize MEFs and B cells to ␥-IR-induced apoptosis is associated with the repression of Bcl-X L and Bcl-2 and with increases in the expression of Puma.
Myc also sensitizes p53-deficient MEFs to ␥-IR-induced apoptosis. Many cancers that overexpress MYC, including Burkitt's lymphoma (BL), respond very well to chemotherapy, despite the fact that one-third of primary BLs harbor mutated p53 alleles (25) . We therefore addressed whether Myc might also sensitize p53-deficient MEFs to ␥-IR. p53-deficient MEFs were infected with the MSCV-IRES-GFP or MSCV-Myc-ER-IRES-GFP viruses, and infected cells were GFP sorted by FACS. These cells were then expanded in culture, treated with 4-HT for 24 h in growth medium, and challenged with ␥-IR. As expected, both GFP-only-and Myc-expressing p53 Ϫ/Ϫ MEFs continued to proceed through the cell cycle following ␥-IR (data not shown). Surprisingly, however, ␥-IR severely compromised the long-term growth of Myc-expressing p53 Ϫ/Ϫ MEFs (Fig. 7A ). Myc-expressing p53 Ϫ/Ϫ MEFs cultured in serum were, as predicted, resistant to apoptosis following the addition of 4-HT (Fig. 7B) . However, when further treated with ␥-IR, Myc-ER-expressing p53-deficient MEFs underwent rapid apoptosis, as determined by typical changes in cell morphology (data not shown), loss of viability (Fig. 7B) , the appearance of annexin V-positive cells (Fig. 7C) , and the cleavage of PARP (data not shown). Therefore, Myc also sensitizes p53-deficient MEFs to ␥-IR-induced apoptosis.
In primary hematopoietic cells, Myc suppresses the expression of bcl-X even in cells derived from ARF-and/or p53deficient mice (20) . We therefore evaluated whether this pathway was also operational in p53 Ϫ/Ϫ MEFs and if it was affected by ␥-IR. Indeed, Myc activation in p53 Ϫ/Ϫ MEFs suppressed the expression of Bcl-X L , both at the protein and RNA level, and this response was augmented following exposure to ␥-IR ( Fig. 5B and C) . Interestingly, unlike the response in wild-type VOL. 23, 2003 Myc SENSITIZES CELLS TO ␥-IR BY TARGETING Bcl-X 7263 7264 MACLEAN ET AL. MOL. CELL. BIOL. MEFs (Fig. 5A) , Myc failed to suppress Bcl-2 protein expression in p53-deficient MEFs (Fig. 5B) ; therefore, this response is strictly p53 dependent. In addition, Myc activation failed to induce Puma expression in p53 Ϫ/Ϫ MEFs (data not shown). Therefore, Myc's ability to sensitize MEFs to ␥-IR-induced apoptosis is associated with the selective suppression of bcl-X expression.
Targeting of Bcl-X L by Myc is necessary and sufficient to provoke ␥-IR-induced apoptosis. If Myc's ability to suppress Bcl-X L expression was relevant to sensitizing MEFs to ␥-IR, then restoration of Bcl-X L should protect Myc-expressing cells from ␥-IR-induced apoptosis. We therefore coinfected wildtype and p53 Ϫ/Ϫ MEFs with MSCV-Myc-ER-IRES-GFP plus MSCV-Bcl-X L -IRES-YFP viruses and FACS sorted for doubly fluorescent cells. These cells were expanded in culture, and overexpression of human Bcl-X L was confirmed by immunoblotting using a human-specific Bcl-X L -specific antibody (Fig.  8B) . Cells in growth medium were treated with 4-HT for 24 h to activate Myc-ER and then exposed to ␥-IR. Bcl-X L overexpression dramatically impaired the apoptotic response of both Myc-expressing wild-type and p53 Ϫ/Ϫ MEFs following exposure to ␥-IR (Fig. 8A) . Therefore, Myc-mediated suppression of bcl-X is necessary for its ability to sensitize MEFs to ␥-IRinduced apoptosis.
The profound reductions in Bcl-X L levels following Myc activation in either wild-type or p53 Ϫ/Ϫ MEFs suggested that loss of bcl-X alone might render MEFs susceptible to ␥-IRinduced apoptosis. Loss of bcl-X in mice results in an embryonic lethality at E13.5 with associated apoptosis of both hematopoietic cells and neurons (42) . We therefore derived several wild-type, bcl-X ϩ/Ϫ , and bcl-X Ϫ/Ϫ MEF lines from E12.5 embryos, and early-passage, exponentially growing cells were assessed for their sensitivity to ␥-IR. Although wild-type MEFs were totally resistant to ␥-IR-induced apoptosis, bcl-X Ϫ/Ϫ MEFs were exquisitely sensitive to ␥-IR and died within 2 days of exposure (Fig. 9A ), despite being cultured in growth medium containing a full complement of survival factors. Furthermore, haploinsufficiency effects were also evident, as bcl-X ϩ/Ϫ MEFs were intermediate in their sensitivity to ␥-IR-induced death. Importantly, the effects of bcl-X loss on rendering MEFs sensitive to ␥-IR were specific, as treatment of bcl-2 ϩ/Ϫ and bcl-2 Ϫ/Ϫ MEFs with 5 Gy of ␥-IR did not induce apoptosis ( Fig. 9A ) and restoration of Bcl-X L expression in bcl-X Ϫ/Ϫ MEFs rendered these cells resistant to ␥-IR-induced death (data not shown). In part this could reflect a compensatory up-regulation of Bcl-X L protein in bcl-2 Ϫ/Ϫ MEFs (Fig. 9B,  right panels) ; however, a similar compensatory up-regulation of Bcl-2 protein levels in bcl-X Ϫ/Ϫ MEFs (Fig. 9B , left panels) did not protect these cells from ␥-IR-induced apoptosis.
Therefore, bcl-X loss is also sufficient to selectively sensitize MEFs to ␥-IR-induced apoptosis.
DISCUSSION
c-Myc functions as a central oncogenic switch, yet in normal cells c-Myc overexpression also triggers apoptosis (2, 21) and regulators of Myc-induced apoptosis are disabled in most tumor types. This suggests that blocking apoptosis is likely essential for Myc to promote tumorigenesis (19, 47, 54) . However, it has also been proposed that Myc provokes genomic instability (37) and that this contributes to Myc's ability to transform a cell. For example, Myc overexpression in immortal and tumor-derived cell lines can lead to gross chromosomal aberrations and amplifications, and BLs bearing the MYC/Ig 4 and 9 to 12) and precancerous E-myc transgenic littermates (lanes 5 to 8 and 13 to 16) (n ϭ 8 for each group) were left untreated (lanes 1 to 8) or were treated with 2 Gy of ␥-IR (lanes 9 to 16). Four hours later, bone marrow and spleens from each of these four groups of mice were pooled and FACS sorted for B220 and IgM, and 20 g of extracts was assessed by immunoblotting with antibodies specific for Bcl-2, Bcl-X L , and ␤-actin (A), or 60 g of extract from IgM ϩ B cells was analyzed for Puma levels (B). translocations do have recurrent chromosomal abnormalities (9) . Recently, Myc's capacity to trigger genomic instability has been linked to its ability to directly induce DNA damage (61). This scenario is fundamentally different from one in which Myc overexpression selects for mutations in p53 (66) which in turn result in genomic instability. Here we have shown that Myc does not directly induce the DNA damage response in MEFs but rather acts in synergy with ␥-IR to induce apoptosis. Surprisingly, this response occurs even in MEFs lacking p53, demonstrating that (i) p53 is dispensable for the apoptotic response of Myc-expressing cells to ␥-IR, and (ii) Myc activates other pathways that cooperate with ␥-IR to induce apoptosis. In wild-type MEFs and in B cells derived from E-myc transgenic mice, the response to Myc and ␥-IR is a double-edged sword which likely involves the proapoptotic Puma protein and the suppression of the antiapoptotic regulators Bcl-X L and Bcl-2 ( Fig. 5 and 6) . However, only one of these targets, Bcl-X L , appears to be essential for the response, as Bcl-X L expression is selectively targeted in p53 Ϫ/Ϫ MEFs and bcl-X loss alone renders cells sensitive to ␥-IR.
Clonogenic and apoptosis assays of wild-type and p53 Ϫ/Ϫ MEFs revealed that Myc sensitized both cell types to radiation. The sensitivity of p53 Ϫ/Ϫ MEFs expressing Myc to ␥-IR was surprising, as p53 loss alone renders cells resistant to DNA damage (35) or to Myc-induced apoptosis when MEFs are deprived of serum (66) . Therefore, the apoptotic response is dramatically altered in the context of both Myc overexpression and ␥-IR, which alone do not induce death in MEFs cultured in serum but when combined provoke cell suicide. These results contrast with those of Vafa et al. (61) , which rather showed that Myc alone was sufficient to directly induce DNA damage. This could reflect differences in cell type and/or the fact that their studies were carried out in the absence of survival factors, a condition known to give rise to oxidative stress (36) and to relieve repression of Myc-mediated apoptosis (24) . Indeed, as shown here, serum matters a great deal to the response, as Myc activation in low serum can provoke Ser 15 phosphorylation of p53, a hallmark of the response to ␥-IR ( Fig. 4D) . At present it is unclear whether the DNA damage response would be triggered by Myc alone in vivo, as the apoptotic index of B cells from E-myc transgenic mice is rather low but is dramatically enhanced following treatment Bcl-X L (left panels) demonstrated that overexpression of human Bcl-X L protein was sustained in Myc-expressing cells exposed to ␥-IR, contrary to results with endogenous mouse Bcl-X L (right panels).
FIG. 9. bcl-X loss, but not loss of bcl-2, radiosensitizes MEFs. (A) MEFs prepared from the indicated embryos were cultured in growth medium and exposed to 5 Gy of ␥-IR, and their viability was assessed by trypan blue dye exclusion. Viability experiments shown are representative of three independent experiments with three independent MEF cell cultures, performed in triplicate. (B) Immunoblot analysis of Bcl-X L and Bcl-2 protein levels in bcl-X ϩ/ϩ , bcl-X ϩ/Ϫ , and bcl-X Ϫ/Ϫ MEFs (left panels) and in bcl-2 ϩ/ϩ , bcl-2 ϩ/Ϫ , and bcl-2 Ϫ/Ϫ MEFs (right panels).
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Myc SENSITIZES CELLS TO ␥-IR BY TARGETING Bcl-X 7267 with ␥-IR (Fig. 2B ). Furthermore, it is difficult to reconcile how triggering DNA damage could be a selective advantage to a tumor cell. On the other hand, it is also unlikely that in vivo cells are bathed in an excess of survival factors, so one needs to keep an open mind on the issue. The response of cells to ␥-IR is known to be cell context specific, as some cells, for example thymocytes, undergo rapid apoptosis, whereas others (e.g., fibroblasts and epithelial cells) undergo cell cycle arrest (22) . Generally, p53 is considered the key regulator of the response to ␥-IR, yet DNA damage induced by ␥-IR plus cisplatin treatment in mice induces a transient collapse of the hematopoietic compartment in p53-null mice (49) . Our analyses of Myc-expressing cells also revealed p53-dependent and -independent components to the ␥-IR apoptotic response. One regulator of the p53-dependent pathway appears to be Puma, as marked increases in Puma expression are evident in wild-type MEFs (but not in p53 Ϫ/Ϫ MEFs) following Myc activation, and Puma expression is also elevated in the B cells of E-myc mice and in normal B cells exposed to ␥-IR. A second p53-dependent target appears to be Bcl-2, as Bcl-2 expression is suppressed by Myc in MEFs, yet this fails to occur in p53 Ϫ/Ϫ cells. This is in stark contrast to the p53independent response, where Myc still suppresses bcl-X in p53 Ϫ/Ϫ MEFs and where Myc plus ␥-IR still induces rapid cell death. Notably, Myc-mediated suppression of bcl-X also occurs in vivo in the B cells of E-myc transgenic mice and, thus, this pathway also likely contributes to the demise of these B cells when E-myc transgenics are exposed to ␥-IR. Second, enforced expression of Bcl-X L in Myc-expressing MEFs abolished ␥-IR-induced apoptosis. Finally, the loss of bcl-X, but not bcl-2, was sufficient to render MEFs sensitive to ␥-IR-induced apoptosis. Thus, the suppression of bcl-X by Myc is necessary for it to cooperate with ␥-IR to trigger apoptosis, and bcl-X loss alone is sufficient to radiosensitize cells.
There are obvious effects of haploinsufficiency in bcl-X ϩ/Ϫ MEFs exposed to ␥-IR; therefore, a certain threshold of Bcl-X L protein appears necessary to protect MEFs from this apoptotic pathway. Further, there is an unexpected and striking selectivity to this response, as one would predict that bcl-2 loss should have similar effects but it clearly does not. In part, the radioresistance of bcl-2 Ϫ/Ϫ MEFs could reflect a compensatory up-regulation of endogenous Bcl-X L protein in these cells. However, a similar compensatory increase in Bcl-2 protein in bcl-X Ϫ/Ϫ MEFs is not protective, indicating that physiological levels of Bcl-X L are needed to guard MEFs from ␥-IR-induced apoptosis. These findings agree with the recent work of Weintraub and colleagues who have also demonstrated that loss of Bcl-X L function in human tumor-derived cell lines, and in MEFs, compromises their survival when they are treated with chemotherapeutic agents that provoke the DNA damage response (15) . Interestingly, at least two levels of control appear to cooperate to compromise the function of Bcl-X L . Firstly, as shown here, Myc activation leads to reductions in the steady-state levels of Bcl-X L protein that follow reductions in bcl-X transcripts, and Myc's ability to suppress bcl-X promoter activity (J. A. Nilsson and J. L. Cleveland, unpublished results) suggests that this is at least in part a transcriptional response. However, Myc's effects on Bcl-X L protein levels appear more profound, and thus the response could also include effects on bcl-X translation and/or upon turnover of the protein. Secondly, the ability of Bcl-X L to block DNA damage-induced apoptosis is compromised by the deamidation of critical asparagine residues located in the unstructured loop of the protein, and this modification occurs in a p53-independent fashion following treatment with some chemotherapeutic agents (15) . However, this modification does not appear to occur in wild-type or p53 Ϫ/Ϫ MEFs expressing Myc with or without exposure to ␥-IR, as deamidation is accompanied by marked changes in mobility in sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and using the Bcl-X antibody that detects this modified form of Bcl-X L (15) we have failed to see any changes in the mobility of the Bcl-X L protein (data not shown). Finally, the selective effects of Bcl-X L on the DNA damage response do not necessarily preclude a role for other antiapoptotic Bcl-2 family proteins. In particular, overexpression of Bcl-2 can also selectively block c-Myc's ability to sensitize cells to irradiation (52) .
Bcl-X L appears to play a unique function as a guardian against both intrinsic and extrinsic signals that provoke apoptosis. For example, bcl-X is required to protect hematopoietic progenitors during development (42) , and this is linked to the intrinsic cell death pathway regulated by cytokines, as the Jak2 tyrosine kinase is specifically required to sustain Bcl-X L expression in myeloid and erythroid progenitors (45; T. A. Baudino, U. B. Keller, and J. L. Cleveland, unpublished results). However, Bcl-X L also plays a critical role in protecting cells from DNA damage, regardless of whether or not they have mutations in the p53 pathway (this study and references 15 and 31), and Bcl-X L expression in tumors is an accurate predictor of response to therapy and prognosis (59, 62) . Thus, targeting bcl-X expression and/or function should be a selective and attractive approach to sensitize tumors to chemotherapy and/or radiation.
